The effect of horseradish peroxidase/H202 in organic medium (dioxane/aqueous buffer, pH 5, 95:5) on the depolymerization of synthetic (dehydrogenatively polymerized) lignin was reinvestigated. In contrast to previous claims [Dordick, J. S., Marietta, M. A. & Klibanov, A. M. (1986) Proc. Natl. Acad. Sci. USA 83, 6255-6257], our results demonstrated that vigorous depolymerization of this substrate did not occur. Further, during this treatment ferulic acid was not a significant biodegradation product.
It is well-established that certain fungi are capable of biodegrading structural polymers in plant material. Of particular interest are the white-rot fungi, such as Phanerochaete chrysosporium (1, 2) , which can, to some extent, degrade lignin. Much effort has been expended towards understanding these biochemical conversions at the molecular level (3) . In 1983, an enzyme (ligninase) isolated from P. chrysosporium was described as having powerful lignin-degrading capabilities (4) . The substrate used for biodegradation in this study was not lignin per se, but instead an aqueous acetone extract of spruce wood, which had been methylated with 14CH31. More detailed investigations revealed that these ligninases were, in fact, peroxidase isoenzymes and, as such, did not vigorously degrade lignin. Indeed, it has now been reported that ligninase treatment of nonmethylated lignin results in both polymerization and depolymerization of the phenolic material (5) . This is in general agreement with previous studies using horseradish peroxidase in aqueous media, from which it was concluded that although internal rearrangement of the lignin substrate can occur, the net effect was not that of lignin depolymerization (6) . Thus, the report (7) that horseradish peroxidase/H202 in organic medium (dioxane/10 mM acetate buffer, pH 5, 95:5) could vigorously depolymerize both synthetic and natural lignin was so surprising as to warrant independent verification.
MATERIALS AND METHODS
Gel-Filtration Chromatography. A low-pressure liquid chromatography system was employed that used Sephadex LH-20 packed in an SR 10/50 column (Pharmacia). The Sephadex gel was swollen in the liquid phase for 3 hr before packing and then was equilibrated with six column volumes. Each column was calibrated with polystyrenes of molecular weight 2000, 800 (Pressure Chemical, Pittsburgh), and 1000 (Polymer Laboratory, Church Stretton, England) and dibenzyl malonate (molecular weight 284; Aldrich). The eluant was monitored at 280 nm, using an LKB Bromma 2158 Uvicord SD detector. Elution was either with eluant A (0.1 M LiCl in redistilled N,N-dimethylformamide) or eluant B (anhydrous dioxane).
Purification of Dioxane. A mixture of dioxane (3 liters) plus concentrated HCl (37.5 ml) in water (300 ml) was refluxed for 12-18 hr under N2. The solution was cooled to room temperature and excess solid KOH was added with stirring. The dioxane was decanted from the thick, dark aqueous layer that resulted and was stored over KOH (150 g of KOH per liter of dioxane). The dioxane was refluxed over sodium metal for another 12 hr and then distilled, affording pure, dry, peroxide-free dioxane.
Fractionation of DHP Lignin. Dehydrogenatively polymerized (DHP) lignin was prepared from coniferyl alcohol as described (8) . To After incubation periods of0, 24, and 96 hr, two 10-Al aliquots were taken and diluted with 990 Al of acetate buffer for enzyme assay (8) . The remainder of the incubation mixture was diluted with 2 volumes of dimethylformamide, stirred for 45-60 min, and centrifuged at 7710 x g for 20 min to precipitate the enzyme. Aliquots (100 ,l) were then subjected to Sephadex LH-20 column (1 x 46.6 cm) chromatography, at flow rates of 0.23-0.24 ml/min for eluant A. For eluant B, 125-,ul aliquots were applied to the column, and flow rates were 0.18-0.19 ml/min.
Choice of enzyme. Among the horseradish peroxidases screened (Sigma crude, type I, type II, and type VI; Boehringer Mannheim, grade II), Sigma type II was chosen for these studies because its specific activity and kinetics of enzyme inactivation during the incubation period were similar to those reported by Klibanov and coworkers (7) .
Choice of solvent. Dimethylformamide, a solvent claimed to be effective for lignin depolymerization with peroxidase (7), was not used in these studies, because 99.6% of the initial activity of peroxidase was lost within 24 hr.
Enzyme Assay. The initial specific activity of the Sigma horseradish peroxidase type II was 150.4 purpurogallin units/mg of solid (as determined by the Sigma enzyme assay procedure). During incubations, the enzyme activity was Abbreviation: DHP lignin, dehydrogenatively polymerized (synthetic) lignin.
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Proc. Natl. Acad. Sci. USA 84 (1987) determined using guaiacol as substrate (9 Many studies with DHP lignin preparations use gelpermeation chromatographic techniques as a means to monitor changes in molecular weight distributions. In the study by Klibanov and coworkers (7), DHP lignins before, during, and after treatment with peroxidase were chromatographed on Sephadex LH-20, using anhydrous dioxane as eluant. Differences in elution profiles were interpreted as constituting significant changes in molecular weight distribution.
At this juncture, it is important to note that, for the last 7 years, it has generally been recognized that molecular association phenomena can markedly affect the observed elution profiles of lignin preparations separated on Sephadex columns in organic media (10, 11) . This effect can be suppressed by using an eluant with a high ionic content (0.1 M LiCl) in dimethylformamide (10) . (Refs. 10 and 11 deal with this problem at length.) It therefore seemed appropriate to first examine the depolymerization effects of peroxidase/H202 in dioxane/aqueous buffer (95:5, pH 5) on DHP lignin under chromatographic conditions known to suppress molecular association phenomena. Incubation conditions are described in Materials and Methods and correspond exactly to those previously described (7) . Aliquots were removed at 0, 24, and 96 hr and analyzed by gel-permeation chromatography. Controls were conducted by carrying out the incubation without peroxidase. Enzyme activity was determined at 0, 24, and 96 hr (see Materials and Methods). The elution profiles of the resultant incubation mixtures are shown in Fig.  1 . As can clearly be seen, there is no significant difference in the elution profile of the treated DHP lignin at 24 and 96 hr ( Fig. 1 b and c) ld). Indeed, the only difference was a very small reduction in the amount of UV absorbance ( Fig. 1 b-d) , when compared to the chromatogram obtained at 0 hr (Fig. la) . We next analyzed the DHP lignin samples under elution conditions described by Klibanov and coworkers (7) . Aliquots from both the control and enzyme incubation mixtures were removed at 0, 24, and 96 hr and analyzed as before. Fig.  2a shows the elution profile for 0-hr incubation with the enzyme (the 0-hr control profile was identical). Following incubation for 24 and 96 hr with enzyme ( Fig. 2 b and c) , no significant differences in elution profile were observed. Again, however, a reduction in total UV absorbance was noted (Fig. 2 b-d) on comparison with the incubation mixture at 0 hr (Fig. 2a) .
Finally, we investigated the claim that peroxidase incubation of DHP lignin in organic media resulted in a significant formation of ferulic acid in ca. 16% yield. This was surprising, since we have never observed formation of an allylic carboxylic acid in the preparation of DHP lignin from ['y-13Clconiferyl alcohol in aqueous media, as evidenced by both solution and solid-state 13C NMR (8) . Nevertheless, we reinvestigated this claim by repeating the experiments as described (7) . The ferulic acid standard was easily detectable at concentrations of0.016 mg/ml. The incubation mixture did not show the presence of any ferulic acid at this level of sensitivity. Thus, formation of ferulic acid did not occur at levels >0.1% of the original DHP lignin substrate.
CONCLUSION
Our results are in keeping with our conventional understanding of peroxidase action on lignin-i.e., that the effect of peroxidase results only in internal rearrangement of the polymeric components and not in severe degradation oflignin or lignin-like material. It can thus be concluded that "vigorous depolymerization" of lignin or lignin-like material does not occur upon exposure to peroxidase and H202 under the conditions described by Klibanov and coworkers (7).
We thank the U.S. Department of Agriculture for financial assistance.
